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We discuss the possibility that the IceCube neutrino telescope might be observing the Fermi
Bubbles. If the bubbles discovered in gamma rays originate from accelerated protons, they should
be strong emitters of high energy (>∼ GeV) neutrinos. These neutrinos are detectable as shower-
or track-like events at a Km3 neutrino observatory. For a primary cosmic ray flux with spectrum
∝ E−2.1 and cutoff energy at or above 10 PeV, the Fermi Bubble flux substantially exceeds the
atmospheric background, and could account for up to ∼ 4− 5 of the 28 events detected above ∼30
TeV at IceCube. Running the detector for ∼ 5− 7 more years should be sufficient to discover this
flux at high significance. For a primary cosmic ray flux with steeper spectrum, and/or lower cutoff
energy, longer running times will be required to overcome the background.
Very recently, the study of the sky at high energy has
received a new impulse by the IceCube observation of
an excess of neutrino flux, relative to the atmospheric
neutrino background, above ∼ 30 TeV [1, 2]. Of a total of
28 events, 21 are showers (or “cascades”), mostly caused
by electron and tau neutrinos. For the remaining 7 events
a muon track has been identified, thus indicating a muon
neutrino scattering. Two of the shower events exceed 1
PeV of deposited energy [1], while the other 26 events are
below ∼ 250 TeV. The 28 events observed at IceCube are
a milestone in the field of neutrino astronomy, and have
triggered a feverish activity to understand their meaning
and their physics potential.
When comparing the data to theoretical models of high
energy neutrino fluxes, it is natural to expect that multi-
ple sources might contribute to the observed signal. Al-
though prompt atmospheric neutrinos could fit some of
the data [3], distant astrophysical sources are the most
natural explanation. Cosmological emitters would likely
produce a uniform, diffuse flux, and the spatial distri-
bution of the events is compatible with this hypothesis.
Recent literature discusses the cases of gamma ray bursts
[4] and their lower-powered counterparts [5, 6], starburst
galaxies[7–9], cores of active galactic nuclei [10, 11] and
active galaxies [12], as well as intergalactic shocks [13].
In addition to a diffuse extragalactic component,
Galactic sources would appear as anisotropies, spatially
correlated with the Galactic disk and bulge. Recent anal-
yses suggested spatial correlation of the IceCube data
with unidentified TeV Galactic sources [14], with the
Galactic Center [15] and the Fermi Bubbles [15, 16].
Origination from known Galactic TeV sources [17], and
from the galactic plane in general [18, 19] has also been
studied. Beyond the standard model, ideas include the
decay of heavy relics (Galactic and extragalactic) [20, 21]
and new physics contributions to the neutrino cross sec-
tions [22].
The focus of this paper is to explore the detectability of
the Fermi Bubbles (FB) at IceCube. Discovered in 2009
by Fermi-LAT [23], the bubbles are extended gamma-
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FIG. 1: (a): The IceCube events in equatorial coordinates,
with their median angular errors, from [2]. The contours of
the Fermi Bubbles are shown as well. (b): The time and
(deposited) energy distribution of the events that are spatially
correlated with the bubbles.
ray sources of globular shape, protruding symmetrically
out of the Galactic Center (GC) up to a distance of ∼
9 kpc. Their origin, and the production mechanism of
gamma rays, are yet unknown. Leaving aside possible
new physics [24–28], concentrated high rate of supernova
activity near the GC [29, 30] or accretion of gas by the
GC black hole at a high rate in recent past [23] are the
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2two main scenarios for bubble formation. The observed
gamma rays are created either due to Compton scattering
by highly-relativistic electrons or due to decays of neutral
pions created by interactions of energetic baryons. In
the baryonic hypothesis, the gamma ray flux from the
bubbles should have a neutrino counterpart of similar
magnitude [29, 31], that should be detectable in muon
tracks at a Km3 detector in the northern hemisphere [31].
Dedicated experimental work on this is in progress [32,
33], and an upper limit has been placed by the Antares
collaboration (see Fig. 2) [32].
For a Southern hemisphere detector like IceCube, in-
stead, the main signature of the bubbles should be show-
ers, thanks to the reduced background and increased
shower effective area of the detector for down-going neu-
trinos compared to tracks [1, 2]. Here we present the first
quantitative study of the shower as well as down-going
track events expected from the Fermi Bubbles, both as a
possible interpretation of some of the IceCube data, and
as prediction for future searches with enhanced detector
configuration and exposure.
Seen from Earth, the Fermi Bubbles appear as ex-
tended sources in the Southern sky (Fig. 1) subtending
a total solid angle ΩFB ' 0.808 sr [23]. Interestingly,
their gamma ray emission per unit solid angle is roughly
uniform over the extent of the bubbles [23], and the same
feature is expected for the neutrino emission as well [31].
To estimate a possible correlation between the Ice-
Cube events and the FB, we compare the bubbles coordi-
nates with the reconstructed coordinates of the IceCube
events and their median angular errors [2], see Fig. 1.
It appears that Ns = 4 events (events number 2, 12,
14, 15) have their central position value inside the bub-
bles (“strongly correlated”, meaning higher likelihood of
originating from the FB), and Nw = 4 (number 17, 22,
24, 25) are compatible with the bubbles within the er-
ror (“weakly correlated”, or lower likelihood). Therefore
N = 8 is a conservative upper limit for the number of
events from the FB, to be compared with theoretical pre-
dictions. Note that one of the strongly correlated events,
event number 14, has ∼1 PeV of deposited energy [2].
To calculate the event rate in IceCube due to the FB,
we use the neutrino fluxes from Ref. [31]. These fluxes
are derived from fitting the gamma-ray data using pp in-
teractions of cosmic-ray protons in the bubbles with the
ambient gas. A proton spectrum dN/dE ∝ E−k was
used, with a cutoff energy E0, motivated by the maxi-
mum energy to which supernova remnants can acceler-
ate cosmic ray protons. Theoretical estimates of E0 vary
from 1 PeV, at the “knee” of the cosmic-ray spectrum,
to 100 PeV [34]. The hard γ-ray spectrum of the FB
is best represented with k = 2.1, which is also favored
by shock-acceleration theories. This is our default flux
model unless otherwise specified. Given rather limited
range of γ-ray data, a steeper k = 2.3 proton spectrum is
also compatible with observation. As shown in Fig. 2 (a),
the fluxes differ significantly above ∼ 200 GeV (above the
range of gamma-ray data) depending on E0. Fig. 2 (a)
also shows our most optimistic flux model (solid curve),
obtained with E0 = 30 PeV, and a ∼ 20% increase of the
normalization of the whole flux, which is allowed by the
uncertainty in the gamma ray data. All results quoted for
E0 = 30 PeV will refer to this model. For comparison, in
Fig. 2 (a) we show the diffuse flux (at the detector after
oscillation) that best fits the IceCube data [2]. Note that
this flux refers to fitting the entire data sample in the
assumption of a diffuse, uniform flux over the whole sky.
It would be interesting to fit the data that are spatially
correlated with the FB to find the level of flux required
to reproduce them. At present, however, this can not be
done in the absence of more detailed information on the
IceCube effective area and exposure.
The initial (pre-oscillation) flavor composition of the
flux is νe : νµ : ντ =  : 1 : 0, with  increasing from
 ' 0.57 at E = 1 TeV to  ' 0.88 at E = 1 PeV.
This is explained by how energy is shared between the
products of pion decay at different energies [36]. After
oscillations (averaged vacuum oscillations, matter effects
are negligible) the flavor ratios are close to νe : νµ : ντ
=1 : 1 : 1, with deviations up to ∼ 30% at E ∼ 1 PeV.
Because the emission is uniform over the FB surfaces,
the fraction of flux in a solid angle bin, ∆F/F is given
by the fraction of solid angle, ∆Ω/ΩFB . This is shown
in Fig. 2(b) and (c).
To establish the significance of the FB signal, one
should consider the main backgrounds, i.e., atmospheric
muons and atmospheric neutrinos. For the former, the
background level depends on the detector veto, and could
change with future technological advances. We refer to
[2] for this. Here we model the atmospheric neutrino
background using the neutrino flux prediction by Honda
et al. [35] (which is a good fit of IceCube’s atmospheric
data [37]), extrapolated at high energy, and a νµ / νe
ratio of about 14 [38]. We also consider the flux to be
symmetric in cos θz [39]. Oscillations are negligible at the
energies and zenith angles of interest [40], therefore the
ντ atmospheric flux is neglected altogether. To account
for the error on the direction of arrival of the neutrinos,
we calculate the rate of atmospheric shower events over
a solid angle larger than ΩFB , obtained by encasing each
bubble in a rectangle in the θ and φ coodinates, and then
enlarge such rectangle by ω = 15◦ (motivated by the de-
tector’s angular resolution [2]) on each side. The total
solid angle obtained in this way is Ωbckg ' 2.75 sr. For
track events, where the angular resolution is less than a
degree [2], the angle ΩFB is used. We find that shower-
and track-like events contribute comparably to the to-
tal background rate, because the predominance of the
νµ species in the atmospheric flux compensates for the
smaller effective area for tracks.
Fig. 3(a) shows the expected number of signal and
background events for k = 2.1 and 10 years running time,
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FIG. 2: (a): The expected νµ + ν¯µ flux (solid lines) from the
FB (before oscillations), normalized to the gamma-ray flux, as
a function of the energy, for different proton spectral indices,
k, and different cutoffs of the primary proton spectrum, E0.
Solid, red: k = 2.1; dotted, black: k = 2.3. For each we show,
from thin to thick: E0 = 1, 3, 10, 30 PeV. For comparison,
we also show: (i) the atmospheric neutrino flux [35] averaged
over 25◦-95◦ zenith angle, (ii) the ANTARES upper limit [32]
and (iii) the diffuse flux that best fits the IceCube data [2].
The other two panels show the distribution (normalized to 1)
of the flux in sin θ (with θ the declination angle) (b), and in
the right ascension, φ, (c), for each bubble (solid) and the
total for both (dotted).
above an energy threshold Eth, as a function of Eth. We
observe that, for E0 >∼ 10 PeV, the signal rises above
the background, by up to ∼2 orders of magnitude for the
most optimistic flux model. Specifically, for E0 = 30 PeV
and Eth = 10
4.6 GeV, we find 23 signal and 2 back-
ground events, amounting to a ∼ 4.4 σ excess due to
the FB. For the same parameters, a significance of 3σ
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FIG. 3: Events expected at IceCube per decade, as a function
of the neutrino energy threshold Eth, for the primary proton
spectrum index k = 2.1 (upper panel) and k = 2.3 (lower
panel). Solid: FB signal, for the total of shower- and track-
like events (thick) and for track-like events only (thin). The
arrows indicate the effect of varying the primary spectrum
cutoff in the interval E0 = 1 − 30 PeV. Dashed: the same
but from atmospheric fluxes. Dot-dot-dashed: showers- and
track-like events from the IceCube best-fit flux in Fig. 2(a).
would be obtained with about 7 years of running time.
The time needed for discovery might be shorter with the
use of detailed statistical analyses of the spatial corre-
lation with the bubbles, and/or if a compatible excess
is observed in track events at a detector in the Northern
hemisphere [31, 33]. For the most conservative spectrum,
E0 = 1 PeV, the background is comparable to the sig-
nal for all thresholds, therefore, detections prospects are
poor. For the steeper spectrum, k = 2.3 (fig. 3(b)),
conclusions are similar, overall. However, even for the
most optimistic spectrum, the signal/background ratio is
modest, and becomes significant only above ∼ 105 GeV,
where the event rate is small.
Fig. 4 gives the distribution of signal and background
events per decade in bins of neutrino energy [42]. The
width of the bins are chosen such that in each bin the
highest energy is 4 times the lowest energy, which is
roughly the maximum uncertainty in reconstructing the
neutrino energy from the deposited energy in case of neu-
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FIG. 4: Expected neutrino energy distribution of the total
shower- and track-like events per decade, for signal (with k =
2.1) and for atmospheric background. (a): E0 = 1, 3 PeV ;
(b): E0 = 10, 30 PeV. For E0 = 1 PeV, signal and background
are very close in all bins.
tral current interactions [41]. Overall, fig. 4 confirms the
results of fig. 3(a); it also shows that most of the events
are expected the bin log(E/GeV) = 5 − 5.6, due to a
sharp rise of the effective area below ∼ 1 PeV [2] and an
E0-dependent exponential drop of the flux at high ener-
gies.
Let us now apply our results to the IceCube data, from
the recent 662 days search [2]. Table Iand fig. 5 show
the expected number of events for signal and background.
For the total of shower- and track-like events, less than
one atmospheric background event is expected. The FB
signal rises above one event for E0 > 3 PeV, and for
E0 ≥ 10 PeV, it starts to be close to the measured rate.
In particular, for E0 = 30 PeV, we expect N ∼ 3 and
N ∼ 1 events below and above E = 105.6 GeV ' 400 TeV
of neutrino energy respectively. This is intriguingly close,
in number and energy distribution, to the observation of
the Ns = 4 events strongly correlated with the FB (fig.
5).
In synthesis, has Icecube already detected the FB?
The answer might be yes, if the neutrino spectrum is
relatively hard, coming from a primary proton flux that
falls like E−2.1 and has a cutoff above 10 PeV or so.
TABLE I: Showers + track-like events expected in three bins
of neutrino energy, from the atmospheric background and
from the FB (for different primary spectrum cutoff, E0) for
the 662 days IceCube search. The numbers in brackets refer
to track-like events only.
log(E/GeV) total
4.4− 5 5− 5.6 5.6− 6.2
E0/PeV = 1 0.23 0.19 0.01 0.43
[0.02] [0.03] [0] [0.05]
E0/PeV = 3 0.46 0.64 0.11 1.2
[0.04] [0.1] [0.02] [0.16 ]
E0/PeV = 10 0.7 1.37 0.44 2.51
[0.07] [0.21] [0.09] [0.37]
E0/PeV = 30 1.03 2.42 1.14 4.59
[0.1] [0.38] [0.24] [0.72]
Background 0.25 0.16 0.02 0.43
[0.07] [0.06] [0.01] [0.14]
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FIG. 5: The same as fig. 4(b) for the IceCube running time
of 662 days. The IceCube events that correlate with the FB
(from Fig. 1) are shown for comparison. Their coordinates on
the vertical axis give a visual representation of the number
of events for which the central value of the observed energy
falls in a given bin. The solid (dashed) error bars represent,
respectively, the error on the observed energy and the factor
of ∼ 3 − 4 difference between neutrino energy and observed
energy for neutral current events.
E0 ' 10 − 30 PeV seems to best fit the data, specially
the events strongly correlated with the FB. Observation
of a neutrino flux from the FB may provide clues to the
maximum limit of particle acceleration in supernova rem-
nants, which are thought to be the origin of energetic
protons in the FB and which are not widely discussed as
sources of cosmic rays above 1 PeV. Note, however, that
protons (and in effect heavy nuclei, if present) in the FB
are thought to lose all their energy by pp interactions over
the life time of the bubbles (several Billion years) in the
hadronic model [29]. Thus FB are not expected to con-
tribute significantly to the observed cosmic-ray spectrum,
which is dominated by heavy nuclei above the “knee” at
5∼ 1 PeV.
Our model predicts that up to ∼5 of the observed Ice-
Cube events might be due to the FB. Like other models
with a strong Galactic contribution, this implies that the
extragalactic, diffuse, flux required to explain rest of the
data should be lower compared to the case with no galac-
tic flux. Considering that about ∼ 10 events in IceCube
are likely to be background [2], the diffuse flux normal-
ization would have to be smaller by ∼ 4/(28−10) = 22%.
This figure is insignificant with the current statistics, but
might be nevertheless important to consider when look-
ing in perspective for the future.
With higher statistics, the FB should clearly manifest
themselves with an excess of events correlated with their
position and extent in the sky (Fig. 1). No other phe-
nomenon would have such a signature. The statistics
needed to have a significant detection of the FB depends
on the level of the diffuse neutrino flux from other sources
(other than atmospheric background), however, at least
for the most optimistic scenario (E0 = 30 PeV) 7-10 years
time should be sufficient, see fig. 3.
The FB signal will be strongly substantiated by a
northern hemisphere detector like the future Km3Net
[33], which will be at a nearly optimal location to look
for track-like events from the bubbles [31]. More than
300 events per decade are expected for E0 = 10 PeV.
The complementarity of IceCube and Km3Net will help
to resolve a number of uncertainties and degeneracies (for
example, the track events at Km3Net will have a better
angular resolution, thus helping to separate the FB from
other possible Galactic sources).
If the FB are confirmed to be strong neutrino emitters,
the implications on the physics of our galaxy would be
profound. In particular, this would support the idea of
a long time scale of the activity of the Galactic center,
∼ 109 years. This is the time required to form the FB in
the hadronic model [29], as opposed to the much shorter
time (millions of years) required in a leptonic model of
the bubbles.
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